Deterministic implementation of a bright, on-demand single photon source
  with near-unity indistinguishability via quantum dot imaging by He, Yu-Ming et al.
Deterministic implementation of a bright, on-demand single photon source with
near-unity indistinguishability via quantum dot imaging
Yu-Ming He,1, 3 Jin Liu,2, 4, 5, ∗ Sebastian Maier,1 Monika Emmerling,1 Stefan Gerhardt,1
Marcelo Davanc¸o,2 Kartik Srinivasan,2 Christian Schneider,1, † and Sven Ho¨fling1, 6
1Technische Physik and Wilhelm Conrad Ro¨ntgen Research Center for Complex Material Systems,
Physikalisches Institut, Universita¨t Wu¨rzburg, Am Hubland, D-97074 Wu¨rzburg, Germany
2Center for Nanoscale Science and Technology, National Institute of Standards and Technology, Gaithersburg, MD 20899, USA
3Present address: Hefei National Laboratory for Physical Sciences at the Microscale and Department of Modern Physics,
& CAS Center for Excellence and Synergetic Innovation Center in Quantum Information and Quantum Physics,
University of Science and Technology of China, Hefei, Anhui 230026, China
4Maryland NanoCenter, University of Maryland, College Park, MD 20742, USA
5School of Physics, Sun-Yat Sen University, Guangzhou, 510275, China
6SUPA, School of Physics and Astronomy, University of St Andrews, St Andrews, KY16 9SS, United Kingdom
(Dated: December 28, 2016)
Deterministic techniques enabling the implementation and engineering of bright and coherent
solid-state quantum light sources are key for the reliable realization of a next generation of quan-
tum devices. Such a technology, at best, should allow one to significantly scale up the number of
implemented devices within a given processing time. In this work, we discuss a possible technology
platform for such a scaling procedure, relying on the application of nanoscale quantum dot imag-
ing to the pillar microcavity architecture, which promises to combine very high photon extraction
efficiency and indistinguishability. We discuss the alignment technology in detail, and present the
optical characterization of a selected device which features a strongly Purcell-enhanced emission
output. This device, which yields an extraction efficiency of η = (49± 4) %, facilitates the emission
of photons with (94± 2.7) % indistinguishability.
I. INTRODUCTION
More than 15 years after the observation of photon
antibunching from a single quantum dot1, the engineer-
ing of bright solid-state single photon sources is still a
topic of major interest. Establishing optical quantum
networks on- and off-chip 2–4, schemes for quantum tele-
portation5,6 and most importantly, the implementation
of quantum repeater networks7, crucially relies on such
quantum devices. While alternative platforms are be-
ing investigated, epitaxially grown single quantum dots
(QDs) hold great promise due to their large optical oscil-
lator strength, enabling single photon operation frequen-
cies into the GHz range. A modern single photon source
which can be of use in any of the above mentioned ap-
plications has to fulfill a variety of prerequisites. It has
to be operated on-demand, for which a strictly resonant
pulsed excitation process has proven to be very suit-
able8. Sufficiently large photon count rates need to be
achieved, which has mostly been realized by embedding
single QDs in photonic architectures, including antennas
and microcavities9,10, on-chip waveguides11, solid immer-
sion lenses12,13, gratings14, and vertical nanowires15–17.
Via such architectures, QD-based single photon sources
with extraction efficiencies in excess of 70 % 15,18,19 have
been reported. Applications relying on quantum inter-
ference (such as a Bell state measurement in an entan-
glement swap) also demand the highest degree of indis-
tinguishability of the emitted photons. Recent efforts
have outlined clear strategies to improve it. Indistin-
guishable photons share all characteristics, including po-
larization and color, and their quantum interference is
typically probed in a single photon interference experi-
ment. Thus, the characteristic destructive quantum in-
terference between photons leaving separate output ports
on a beam-splitter can only be established if the single
photons impinge on the splitter at exactly the same time,
and if their wave-packet overlap equals unity. Equal tim-
ing requires an excitation technique which minimizes the
time jitter of the emission event, while maximizing the
wave-packet overlap requires close to Fourier transform-
limited photons. It has been recognized that resonance
fluorescence excitation is the most suitable configuration
to simultaneously minimize time jittering and maximize
coherence 8. In addition, spontaneous emission enhance-
ment via a microcavity resonance can improve the indis-
tinguishability of the emitted photons 20–23.
Likely, the most challenging aspect in the implemen-
tation of QD-based single photon devices relying on ad-
vanced photonic structures stems from the random na-
ture of the QD nucleation process. A genuinely scal-
able approach to embed quantum emitters in photonic
devices can only be based on ordered QD arrays24 with
full control over the spectral characteristics. While great
progress has been made into this direction, in most cases,
the emission properties of such positioned QDs are still
compromised by the fabrication technology. As a re-
sult, techniques to deterministically embed a single, pre-
selected quantum emitter in a photonic device have been
developed13,25–29. However, most of these techniques
rely on the subsequent identification of individual QDs
using scanning techniques (such as confocal microscopy
or cathodoluminescence) that can have low throughput.
Here, we demonstrate a deterministic implementation of
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2single QDs in micropillar cavities based on a nanoscale
QD imaging technology14. This technology can, in prin-
ciple, be more scalable since the identification of a num-
ber of QD positions can be carried out in a single shot
with nanometer accuracy, and the multiplexed nature
of wide-field illumination and camera detection enables
rapid mapping of an entire sample. We then demon-
strate, for a selected device, that our approach can yield
single photon extraction efficiencies close to the state-of-
the-art in the field, and more importantly, can be oper-
ated in pulsed resonance fluorescence, resulting in single
photon streams with near-unity indistinguishability.
II. DETERMINISTIC FABRICATION OF
MICROPILLAR CAVITIES
We take advantage of the bichromatic fluorescence
imaging method developed in Ref.14 to locate the spa-
tial positions of single QDs with respect to pre-defined
metallic alignment marks. In this approach, schemat-
ically depicted in Fig. 1(a), a 630 nm LED is used to
excite all of the QDs within the system’s field of view
(typically ≈ 60 µm × 60 µm), while a long wavelength
LED (typically near the QD emission band in the 900 nm
range) simultaneously illuminates the sample. Emitted
light from the QDs and reflected light off the sample
are directed through one or more filters to reject light
from the short wavelength LED before going into a sensi-
tive electron-multiplied charge-coupled device (EMCCD)
camera. Significant improvement in the performance of
this approach has been reported in Ref.30, where use of
a high numerical aperture objective within the sample’s
cryogenic environment resulted in a reduced image ac-
quisition time (now 1 s) and lower uncertainties in the
localization of the QDs and alignment mark centers (fac-
tors of 10× and 4.7×, respectively).
However, a straightforward application of the setup
demonstrated in Refs.14,30 to samples with distributed
Bragg reflectors (DBRs) yields poor results. For exam-
ple, Fig. 1(b) shows an image acquired by applying the
setup from Ref.30 to our sample, which consists of 25.5
(15) λ/4-thick AlAs/GaAs mirror pairs which form the
lower (upper) DBR, with metallic alignment marks fab-
ricated on the sample surface by electron-beam (e-beam)
lithography, thermal evaporation, and a lift-off process.
While the signal-to-noise ratio of the QDs in Fig. 1(b) is
similar to what has been achieved in previous works, the
alignment marks show very low contrast. The basic issue
is that the contrast relies on a difference in reflectivity
between the alignment marks and the sample at the il-
lumination wavelength of 940 nm. For samples without
DBR stacks, this contrast is significant due to the large
difference in reflectivity between the Au marks (> 95 %
reflectivity) and the GaAs surface (≈ 30 % reflectivity)
at 940 nm. However, the DBR reflectivity is specifically
engineered to be high (larger than that of Au), so that lit-
tle contrast is observed when illuminating the sample at
sample
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FIG. 1. (a) Schematic of the photoluminescence imaging
setup used for determining QD locations en route to deter-
ministic micropillar single photon source fabrication. Illumi-
nation of the alignment marks is done by a 730 nm LED, while
removal of unwanted light entering the EMCCD camera is
done through two notch filters (NFs) that block wavelengths
between 810 nm and 880 nm, and a long pass filter (LPF)
that removes wavelengths below 700 nm. (b) Image acquired
using the original photoluminescence imaging setup configu-
ration described in Refs.14,30, in which the illumination LED
is at 940 nm. (c) Image acquired using the modified setup de-
picted in (a). (d) Horizontal line cut through the image from
(b), along the dashed red line. While the contrast between
the QD emission and background level is high (central peak),
the alignment mark contrast is limited. (e) Horizontal line
cut through the image from (c), along the dashed red line.
The modified imaging setup yields good contrast between the
QD emission and background level as well as between the
alignment marks and background signal level. The alignment
mark separation is 52 µm in (b)-(e).
this wavelength. In fact, the ability to discern the align-
ment marks in Fig. 1(b) is primarily due to the ≈100 nm
difference in height between the alignment marks and the
sample surface, which results in the shadow-like dark re-
gions surrounding the marks, as evident from a line cut
through the image, shown in Fig. 1(d).
Since Au is a spectrally broadband reflector but the
DBR mirror has a narrower spectral bandwidth, we can
adjust the illumination wavelength to regain contrast in
the image. An important constraint is to continue to
image the QD emission at the same time, while sup-
pressing the QD excitation LED and unwanted emission
from the sample (e.g., from the GaAs band edge and the
wetting layer states). The most straightforward solution
would be to move the illumination LED to a longer wave-
length, where the DBR is no longer highly reflective, but
the DBR bandwidth is sufficiently spectrally broad so as
3to require wavelengths outside of the EMCCD detection
range. Instead, we settle on an illumination wavelength
of 730 nm. While in principle this 730 nm light also
pumps the QDs, the intensity we use for alignment mark
imaging is orders of magnitude lower than the intensity
of the 630 nm light used to excite the QDs. We then
use a series of filters to remove unwanted light entering
the EMCCD, namely a 700 nm long pass filter to remove
the reflected 630 nm pump, and two 800 nm band notch
filters to remove the GaAs band edge emission near 830
nm and the QD wetting layer emission near 850 nm. The
resulting image is shown in Fig. 1(c), where the contrast
in the alignment marks and signal-to-noise in the QD
emission (Fig. 1(d)), and the corresponding total posi-
tion uncertainty (< 10 nm), are similar to those achieved
in Ref.30.
With the photoluminescence imaging setup optimized
for work with our planar DBR samples, we proceed to use
it in the deterministic fabrication of micropillar single-
photon sources. Fig. 2(a) shows a photoluminescence
image from the portion of the sample at 4 K that we
focus on in this work, acquired in a single shot with
a 1 s integration time. By applying a combination of
a maximum likelihood estimation for localizing the QD
emission and a cross-correlation method for determining
the alignment mark centers30, the nine brightest QDs
within a set of alignment marks are identified with sub-
5 nm spatial accuracy (one standard deviation value),
and numbered from 1 to 9 based on their brightness, as
shown Fig. 2(b). The number of QDs to be considered
for fabrication is further reduced by measuring the micro-
photoluminescence (µPL) spectrum of each dot. We only
make micropillar devices with the QDs whose exciton
emission wavelength is within the resonance of the pla-
nar cavity, in order to match the frequency of QDs to
the micropillars that are to be etched from the planar
cavity. For example, among the nine QDs within the
alignment marks defining field A05 in Fig. 2(a)-(b), only
QD 9 has an exciton emission around the planar cavity
resonance ≈890 nm (see the spectrum in the upper panel
of Fig. 2(d)).
After spatial position extraction and spectral selection
processes have been applied to the single QDs, the sam-
ple is taken out of the cryostat for further micropillar
fabrication. Circular micropillar cavities are defined in
spin-coated polymethyl methacrylate (PMMA) via a sec-
ond e-beam lithography step. The pillars are aligned to
the previously identified QDs, and ideally should only
host a single emitter. The diameter of the pillars is
adjusted to match the resonance condition at the low-
est possible measurement temperatures. By depositing
a hard mask (BaF/Cr), the pillars are transferred into
the epitaxial structure via electron-cyclotron-resonance
reactive-ion-etching. In the terminal step, the sample is
planarized by a transparent polymer to stabilize the pil-
lars and protect them from sidewall oxidation, and the
hard mask is fully removed in an ultrasonic bath. Here,
we note that a full removal of the hard mask is crucial
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FIG. 2. (a) Photoluminescence image for quantum dot posi-
tion extraction. The four alignment mark centers (center-to-
center separation of 52 µm in both the horizontal and verti-
cal directions) and center of the field are denoted by the red
crosses and star, respectively. (b) Processed image in which
individual QDs are identified and numbered. (c) Photolumi-
nescence image of a micropillar with a single quantum dot
in the center, produced by the QD positioning technique and
subsequent fabrication using aligned electron-beam lithogra-
phy. (d) Spectra of QD 9 before (above) and after (below)
fabrication of the micropillar.
to allow for complication-free resonant studies, since any
remaining metal on top of the surface would create an
unacceptable amount of stray light from the pump laser.
After fabrication of the micropillars, we have verified
the successful alignment of the e-beam lithography with
respect to the QD positioning in our imaging setup. With
the fluorescence images of micropillar devices, it is pos-
sible to visualize that 40 out of 40 selected pillars host
a single quantum emitter which is well-centered in the
post. Fig. 2(c) shows a representative fluorescence image
for one of the final devices, in which QD 9 sits in the cen-
ter of a 2 µm diameter micropillar highlighted by the red
circle. A direct comparison between the spectra taken
at the same excitation power before and after fabrication
shows that the emission from the targeted exciton has
been greatly enhanced by the micropillar, as shown in
Fig. 2(d).
III. SINGLE-PHOTON SOURCE
PERFORMANCE
Now, we demonstrate that our device indeed is capable
of being operated as a competitive single photon source.
We investigate a device with a diameter of d = 2 µm and
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FIG. 3. (a) Temperature-dependent spectra of a micropillar with a diameter of d ≈ 2 µm under above bandgap excitation. A
strong enhancement of the emission at spectral resonance due to the Purcell effect is observed. (b) Time resolved measurements
on and near resonance, revealing a dramatic reduction of the radiative lifetime. (c) A fit to the QD lifetime as a function of
QD-cavity detuning yields a Purcell factor of FP = 7.8 ± 1.5. The error bars in the lifetime data are determined from fitting
a mono-exponential decay to the time-resolved measurement, and are a one standard deviation value. The uncertainty in the
Purcell factor represents a one standard deviation value, and is estimated from a least squares fit to the data (solid red line in
(c)) according to Eq. 1 in the main text.
the extracted Q = 4477±28 (one standard deviation un-
certainty from a Lorentzian fit to the data). Figure 3(a)
shows a contour plot of spectra recorded from this de-
vice at various sample temperatures under non-resonant
excitation. As we increase the sample temperature, the
single QD is subject to a spectral redshift, and spectral
resonance with the cavity mode is no longer maintained.
This detuning of the QD with respect to the cavity comes
along with a significant reduction of the emitted light due
to reduced coupling to the guided resonant mode. To
determine the Purcell enhancement of the system, the
device is operated under pulsed resonance fluorescence
conditions. We employed polarization filtering in this ex-
periment, analogous to previous works8. The decay time
was recorded via a fast avalanche photon diode, triggered
by the resonant laser. The decay of the emission signal
as a function of the time delay for the resonant as well as
the far detuned (1 meV) case is shown in Fig. 3(b). From
mono-exponentially decaying signals, we can extract the
characteristic T1 time of the QD, which is reduced to
100 ps on resonance due to the Purcell effect. To further
quantify the coupling between QD and cavity, we have
carried out this experiment for 6 different detunings and
plotted the resulting T1 times as a function of the spec-
tral QD-cavity detuning (Fig. 3(c)). This allows us to
accurately determine the Purcell factor of our QD-cavity
device by fitting the lifetime as a function of the detuning
with the formula:
τ(∆) =
FP,Max.
(FP,Max. ∗ δ + 1) ∗
~ ∗ ε0 ∗ V0
2 ∗Q ∗ µ212
, (1)
where δ = ξ2 ∗ ∆ω2c4∗(∆2)+∆ω2c , ξ represents the orienta-
tion mismatch between the local cavity field and the
dipole moment of the QD, ∆ is the detuning, µ12 is the
dipole moment of the radiative transition, and ∆ωc is the
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FIG. 4. (a) Measured count rate on the spectrometer versus
the pulse area of the driving laser field for spectral resonance
between the QD and cavity mode. (b) 2nd order autocorrela-
tion histogram for pulsed resonant excitation with a pi-pulse.
We extract a g(2)-value as low as g(2)(0) = 0.015± 0.009.
linewidth of the cavity mode.
For our device, we observe a maximum Purcell fac-
tor as large as 7.8 ± 1.5, based on the assumption that
suppression of spontaneous emission off resonance is in-
significant in our case. The theoretical maximum31 of
FP,Max. =
3Q(λ/n)3
4pi2VM
= 9.73 for a micropillar with a di-
ameter of 2 µm and a Q-factor of 4477. Here, n is the
refractive index of the cavity material (n = 3.6 for GaAs)
and VM is the mode volume. For our estimation of the
maximal Purcell enhancement we used the value reported
in32 and scaled it with the volume of the micropillar.
As we compare this number with the maximum Pur-
cell factor in theory, we observe a slight reduction in our
case from approximately 10 to 7.8. This can be a result
of structural imperfections in the photonic device which
causes increased scattering losses into non-resonant emis-
sion channels.
The strictly resonant excitation of our QD allows us
to establish full inversion of our effective two-level sys-
tem. In a power-dependent study (Fig. 4(a)) we show
the characteristic Rabi-oscillation behavior as a func-
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FIG. 5. (a) Unbalanced Mach-Zehnder interferometers with a path difference of 12.2 ns, used in characterizing the indistin-
guishability of single photons emitted by the QD micropillar source. (b) Histogram of two-photon interference with the 12.2 ns
delay time. Photons with parallel polarization are prepared here. The histogram was fitted by a sum of 7 two-sided exponential
functions, each convoluted with a Gaussian distribution. (c) Extracted photon indistinguishability as a function of pump power.
An obvious power-related interference visibility decrease is revealed. (d) Measurement of the emission linewidth when the QD
is on resonance with the micropillar mode and under continuous-wave, resonant laser excitation. A linewidth of 473 MHz ±
3.0 MHz is extracted from a Lorentzian fit to the data.
tion of the square root of the pump power, which is
the key signature for the pulsed resonant driving of the
two level system. The red curve in Fig. 4(a) shows the
sinusoidal damped behavior according to the exciton-
phonon coupling model. For pi-pulse excitation, we ob-
serve count rates on the spectrometer up to ≈ 130 000
counts per second. In order to extract the overall de-
vice efficiency of our QD-micropillar device from this
measurement, we carefully calibrated our setup, reveal-
ing a setup efficiency for the detected linear polarization
of ηSetup = (0.325 ± 0.01) %, where the uncertainty is
due to fluctuations in the power measurement and rep-
resents one standard deviation. Therefore, our device
yields an overall extraction efficiency of η = (49± 4) %.
Because the QD energy is still red-shifted by 57.42 µeV
at 4.3 K, our extraction efficiency is promising when com-
pared with the maximum extraction efficiency for the pil-
lar in theory (η =
Qpillar
Q2D
∗ Fp,max1+Fp,max = (59.54±11.86) %).
The high brightness, and comparably large setup effi-
ciency allows us to record quasi-background-free single
photon correlation charts via a fiber-coupled Hanbury
Brown and Twiss setup. Figure 4(b) shows the recorded
coincidence histogram for pi-pulse excitation. The van-
ishing peak around τ ≈ 0 ns is a clear signature of the
non-classical light emission from the QD. We fit each
pulse with a two-sided exponential decay convolved with
a Gaussian distribution, where the width is the time res-
olution (tRes ≈ 520 ps) of our setup. This allows us to
extract a value of g(2)(0) via dividing the area of the cen-
tral peak by the average area of the surrounding peaks,
which amounts to g(2)(0) = 0.015± 0.009, where the un-
certainty is due to the variation in the surrounding peak
area and represents a one standard deviation value.
Next, we test the coherence of consecutive emitted sin-
gle photons from our device, which are excited with the
repetition rate of the pump laser (82 MHz). The emit-
ted photons are coupled into an unbalanced fiber cou-
pled Mach-Zehnder-interferometer (Fig. 5(a)). One arm
of the interferometer is precisely adjusted to compen-
sate for the delay (12.2 ns) between the two photons.
If the early photon takes the long arm of the interfer-
ometer and the late photon the short path, both meet
each other at the second 50/50 beam splitter where they
can interfere if they are indistinguishable. Figure 5(b)
shows the measured coincidence histograms for paral-
lel polarization of the photons for driving the system
with a pi-pulse. The suppression of the central peak in
Fig. 5(b) is a clear proof that our device emits highly
coherent photons on demand. In order to extract the
degree of indistinguishability, we slightly adjust the at-
tenuation in the interferometer to balance the counts
before the second 50/50 fiber beam splitter (R/T≈1)
and each histogram in Fig.5(b) was fitted by a sum
of 7 two-sided exponential functions convolved with a
Gaussian distribution. Therefore, we could extract the
raw two-photon interference visibility with the function
υraw = 1 − A‖A⊥ = (91.1 ± 1.9) %, where the A‖ was ex-
pressed by the fitted histogram area at 0 delay divided by
the average area of the 4 other peaks at -24.4 ns, 24.4 ns,
36.6 ns, 48.8 ns and A⊥ = 0.5. The uncertainty is a
6one standard deviaton value and is due to the variation
in surrounding peak areas. When taking into account
the g(2)(0) value, we can get a corrected interference vis-
ibility of υcorrected = (93.99 ± 2.71) %. By reducing the
excitation power to correspond to a pi/2 pulse, excitation-
induced dephasing in our system is minimized, and near-
unity indistinguishability (98.5± 3.2) % is fully restored,
as can be seen from Fig. 5(c). Finally, measurement of
the QD linewidth (Fig. 5(d)) by a scanning-Fabry Perot
cavity under continuous-wave, resonant driving yields a
linewidth of (473 ± 3.0) MHz, where the uncertainty is a
one standard deviation value obtained from a Lorentzian
fit to the data. Considering the Purcell-enhanced radia-
tive lifetime of the QD under the detuning conditions for
this measurement, this linewidth (and corresponding co-
herence time T2 ≈ 680 ps) is consistent with near-unity
degree of indistinguishability we measure.
In conclusion, we have discussed the implementation of
a deterministic quantum dot -based single photon source.
We apply quantum dot imaging to create our device,
which is, in principle, a technology that can be used to
significantly scale up the number of fabricated devices
with high throughput. Our device features a Purcell fac-
tor of FP = 7.8, which is highly beneficial for the emission
of single photons close to the Fourier limit. In a power-
dependent study, we demonstrate unity indistinguisha-
bility of the emitter resonance fluorescence photons at
pi/2 conditions, which are only slightly compromised to a
visibility of 94 % as the two-level system is fully inverted.
We believe that QD imaging represents a superior tech-
nology for the integration of single QDs into photonic
architectures, as it is highly compatible with any kind of
device geometry. It furthermore benefits from its almost
scalable nature, induced by the one-shot identification of
single QD positions.
IV. SUPPLEMENTARY MATERIAL
A. Sample growth
The micro-cavity sample was grown by means of molec-
ular beam epitaxy (MBE) on a GaAs (001) substrate.
The bottom (top) distributed Bragg reflector (DBR) con-
sists of 25.5 (15) pairs of quarter-wavelength thick layers
of AlAs and GaAs. Self-assembled InAs quantum dots
with a density of about 109 cm−2 are centered in a λ
thick GaAs cavity with a silicon delta doped layer 10 nm
underneath the QDs. To shift the emission wavelength
of the QDs to the 900 nm range, we performed an in
situ partial capping and annealing step during the MBE
growth.
B. Supplementary Material: Optical measurements
and Hong-Ou-Mandel interference
The setup for the strictly resonant excitation of the de-
terministic micropillar sample consists of a single mode
(SM) fiber-coupled, linear polarized Ti:Sapphire laser
(repetition rate 82 MHz, pulse length τ ≈ 1.3 ps) which
is coupled into the optical beam path via a 8/92 pellicle
beamsplitter. The laser is focused onto the sample with a
microscope objective (NA=0.42) which also collects the
emitted single photons. The QD signal is filtered with a
second linear polarizer and a SM fiber. After spectrally
filtering the signal on a monochromator, we can analyze
it on a CCD or couple it into a SM fiber. The single pho-
ton statistics are measured via a fiber-coupled Hanbury-
Brown and Twiss setup. For the two-photon interference
experiment, the spectrally filtered single photons are then
coupled into a fiber–coupled, unbalanced Mach-Zehnder-
interferometer, where the two arms exactly compensate
the delay of the exciting laser. We measure the second or-
der autocorrelation of this interferometer via two single-
photon avalanche diodes at the exit ports of the second
50/50 beamsplitter.
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